Most definitive members of the tombusvirus group contain a satellite RNA (S-RNA); those of different tombusviruses have extensive sequence homology with each other. Replication of the S-RNA of tomato bushy stunt virus (TBSV) is supported by the genomic RNAs of other tombusviruses. Viruses regarded as possible members of the tombusvirus group do not support the replication of TBSV S-RNA and the satellite of one such virus, turnip crinkle, does not have sequence homology with that of TBSV. Passage of genomic TBSV RNA through Nicotiana benthamiana resulted in the acquisition of S-RNA whereas passage through N. clevelandii did not.
INTRODUCTION
The type isolate of tomato bushy stunt virus (TBSV-type), the type member of the tombusvirus group (Matthews, 1982) , has been shown to encapsidate two major RNA species designated genomic RNA (G-RNA) and satellite RNA (S-RNA) with apparent sizes of about 4700 and 700 nucleotides, respectively . Several other RNA species, with mobilities in gel electrophoresis intermediate between those of the two major molecules, have been observed in preparations of TBSV-type but their nature is unknown. Hillman & Morris (1982) reported the occurrence of a satellite-like RNA of about 440 nucleotides in preparations of at least one isolate of TBSV. They observed attenuation of symptoms in Nicotiana clevelandii associated with this RNA.
In this paper, we demonstrate that S-RNA molecules occur in particles of two isolates of TBSV and of five other tombusviruses and also in tissues infected with these viruses and that these S-RNA molecules from different viruses have extensive sequence homology with each other but are not identical. We also report that replication of S-RNA is dependent on that of genomic RNAs, that a decrease in symptom severity is associated with the presence of S-RNA in infected plants and that there is no sequence homology between S-RNA and the genomic RNAs of helper viruses.
METHODS
Viruses, propagation and purification. The following viruses were used. The type (Smith, 1935) and the BS-3 (Steere, 1953) strains of TBSV (TBSV-type and TBSV-BS-3, respectively), artichoke mottled crinkle virus (AMCV), carnation Italian ringspot virus (CIRV), cymbidium ringspot virus (CyRSV), eggplant mottled crinkle virus (EMCV), petunia asteroid mosaic virus (PAMV), pelargonium leaf curl virus (PLCV), galinsoga mosaic virus (GMV), glycine mottle virus (GMeV), saguaro cactus virus (SCV) and turnip crinkle virus (TCV). They were propagated and purified as described by . Chenopodium amarautieolor and C. quinoa were used as local lesion hosts.
RNA extraction and purification. Nucleic acid was extracted from virus particles and RNA species were separated and purified as described by except that S-RNA molecules were purified using 2% low-melting temperature (LGT) agarose gels . Some S-RNA preparations were still contaminated by other RNA after this treatment and therefore, after a first fractionation on sucrose density gradients, they were further separated in a 2% LGT-agarose minigel. D. GALLITELLI AND R. HULL Nucleic acid was isolated from healthy or infected plants as described by including the precipitation of RNA with 3 M-sodium acetate, pH 6, which removed most of the host DNA. RNA was then precipitated twice with ethanol, resuspended in TE buffer (10mM-Tris-HC1 pH 7-9, l mM-EDTA) and its concentration was adjusted to 1 mg/ml. RNA preparations were stored at -20 °C until needed.
Isolation ofpolyribosomes. Polyribosomes were prepared from partially expanded leaves of N. clevelandii 1 day after the appearance of systemic symptoms (usually 7 days after inoculation). The procedure was essentially that of Jackson & Larkins (1976) with the modifications reported by Palukaitis et al. (1983) . Polyribosome preparations were fractionated through 15 to 50~ sucrose gradients and fractions containing virus-specific RNAs were located by dot-blot hybridization analysis using cDNA to encapsidated TBSV RNA as a specific probe. Fractions that gave a positive response were blotted onto nitrocellulose filters and tested with TBSV-specific antiserum by the method of Hawkes et at. (1982) . Fractions that gave a strong reaction with specific antiserum contained virus particles and were eliminated. RNA bound to polyribosomes was extracted by incubating fractions selected as above with 200 ~tg/ml protease for 30 min at room temperature in the presence of 0.5 % SDS. After incubation, samples were shaken with water-saturated phenol and nucleic acid was precipitated from the aqueous phase by adding 2.5 vol. ethanol.
Gel electrophoresis of RNA. RNA samples were electrophoresed either in 1-2~ or 2~ agarose slab gels containing 50~ deionized formamide in 36 mM-Tris-acetate pH 7-6, 30 mM-NaH2PO4 and 1 mM-EDTA . Samples were denatured at 85 °C for 2 min in 80~ deionized formamide before being loaded on the gel. RNA bands were detected in the gel by staining with ethidium bromide.
Preparation of G-RNA-and S-RNA-specificprobes. Unfractionated preparations or highly purified RNA species were used to prepare specific probes. Synthesis of complementary DNAs (cDNAs) was by the random-priming method of Taylor et al. (1976) using [ct-32p] dCTP as the labelled substrate.
Blot hybridization. RNA samples from leaves or virus particles were denatured with glyoxal and separated in vertical agarose gels . After electrophoresis, nucleic acids were transferred from agarose to nitrocellulose filters by blotting with 20 x SSC (SSC = 150 mM-NaCl, 15 mM-sodium citrate) for 18 h (Thomas, 1980) . Filters were then baked for 2 to 3 h at 80 °C in vacuo and pre-hybridized and hybridized with specific probes as described by Maule et al. 0983) . Preliminary experiments to test sequence homology among S-RNAs of tombusviruses were done by dot-blot hybridization analysis. Highly purified S-RNAs were brought to the same concentration, serially diluted with TE buffer and spotted directly onto nitrocellulose filters as 5 ~tl spots. Prehybridization, hybridization and washing procedures were at 65 °C as described by Maule et al. (1983) .
RESULTS

RNA species in virions
When subjected to electrophoresis under denaturing conditions, nucleic acid prepared from TBSV-type virions separated into two major RNA species (G-RNA and S-RNA) ( Fig. 1 a, lane  7) and a number of additional minor bands with intermediate mobility (Fig. 1 b, lane 9) . The additional bands comprised one species of about 2100 nucleotides, and others which often were faint and differed in apparent size from one preparation to another. Two faint bands that migrated faster than S-RNA were also frequently detected. Densitometry of ethidium bromidestained gels suggested that virus preparations purified from N. clevelandii contained G-RNA and S-RNA in approximately equimolar amounts (Fig. 1 a, lane 7) ; the proportion of S-RNA increased when the virus was cultured in N. bentharniana (Fig. I b, lane 9) , and after 10 to 12 passages in this host the amount of encapsidated S-RNA represented about 65 to 70 ~ by weight of the nucleic acid preparation. Fast-migrating bands with the mobility of TBSV S-RNA were also observed in preparations ofTBSV-BS-3, CIRV, CyRSV and PLCV from N. clevelandii (Fig.  1 a) . However, S-RNA was only observed in preparations of PAMV, AMCV and CIRV after they had been propagated in N. benthamiana ( Fig. 1 a, lanes 1, 4 and 11). S-RNA was never found in preparations of EMCV even when it was cultured in N. benthamiana ( Fig. 1 b, lane 8) . In addition to G-RNA, particles of this virus contained a species (X-RNA) ( Fig. 1 b, lane 8) which migrated faster than TBSV S-RNA and had an apparent size of about 400 nucleotides. The bands with the same mobility as X-RNA in Fig. 1 (b) lanes 7 and 9 were shown by hybridization to be G-RNA (data not shown); X-RNA did not hybridize with cDNA to G-RNA.
No RNA species of the mobility of TBSV S-RNA were detected in nucleic acid preparations from particles of TCV, SCV, GMV and GMeV (Fig. lb , lanes 1 to 7; TCV not shown). As already reported by Altenbach & Howell (1981) TCV RNA preparations contained a species with an apparent size of about 500 nucleotides; they found this RNA to be a satellite RNA associated with TCV.
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RNA species in plants
In agarose gels containing 50 ~ formamide, nucleic acid preparations from N. benthamiana or N. clevelandii infected with TBSV-type contained both the G-RNA and the S-RNA and some species which migrated faster than S-RNA (Fig. 2a, lane 2) . None of these species was detected in healthy plants (Fig. 2a, lane 1) . Additional bands were not seen between the two major species although they may have been present but obscured by bands of host RNAs. The molar ratio of G-RNA to S-RNA varied between 1:1 and 1:2 from preparation to preparation. This variability seemed to be independent of the age of the infection (7, 14 and 28 days after inoculation) and may result from breakdown of larger RNA during the extraction procedures. The gel electrophoresis patterns of RNAs in extracts from N. benthamiana infected with CIRV, PAMV, AMCV, CyRSV, PLCV (Fig. 2a , lanes 4 and 8; 2b, lanes 2, 6 and 8) and TBSV-BS-3 resembled that of RNA from N. benthamiana infected with TBSV-type. However, as was observed in the analysis of RNA species from virions, the S-RNA was apparently not detectable in N. clevelandii plants infected with CIRV and PAMV (Fig. 2a , lanes 5 and 9) unless these viruses were first propagated in N. benthamiana and then back-inoculated to N. clevelandii. In the case of AMCV, S-RNA was present in sap of infected N. c[evelandii (Fig. 2b, lane 3) although it was not detected in virions purified from this host (see Fig. 1 a, lane 5) . S-RNA was not detected in EMCV-infected plants. Instead, they contained the X-RNA and two bands that migrated just ahead of it (Fig. 2b, lane I0) . Nucleic acid preparations from plants infected with TCV, SCV, GMeV and GMV did not contain species with the same mobility as TBSV S-RNA. The TCV satellite RNA was easily detectable (data not shown).
Infectivity of RNA species
TBSV-type G-RNA and S-RNA were purified, serially diluted with TE buffer and inoculated to leaves of C. amaranticolor. The purity of preparations was checked by cross-hybridization using cDNA (see below).
Two fully expanded leaves of each of two C. amaranticolor plants were inoculated each with 50 ~tl of a preparation containing different concentrations of the two RNAs (see Table 1 ). Inocula containing G -R N A induced small necrotic lesions but when S-RNA was present they were less than half as numerous as in leaves inoculated with G -R N A alone. No lesions were induced on leaves inoculated with S-RNA alone nor was infectivity recovered from them when sap was back-inoculated to C. amaranticolor or N. clevelandii. Six lesions induced by the most diluted inoculum of G -R N A were excised, and extracts from them were used to establish single-lesion cultures in C. quinoa. After three serial passages in this host, each culture was inoculated to N. clevelandii. These plants became systemically infected 3 days after inoculation and the symptoms became necrotic within 24 h. In none of the nucleic acid preparations extracted from these plants could S -R N A be detected using c D N A to S -R N A as a specific probe.
The appearance o f S-RNA seems to be host-related
The satellite-free culture of TBSV-type obtained above was maintained in N. clevelandii. After several passages in this host, the virus was purified and a c D N A was prepared to unfractionated virion R N A . When this c D N A was used to probe a blot of an R N A preparation containing the S-RNA it hybridized to G -R N A but not to S -R N A (Fig. 3a, lanes 3 and 4) . However, when the satellite-free culture of TBSV-type was inoculated to N. benthamiana and nucleic acid extracted from virions purified from this host, the S-RNA was present in very large amounts (Fig. 3b, lane  3) . The S -R N A acquired from N. benthamiana was not lost when the virus was propagated in N. clevelandii. Two observations suggest that the acquisition of S-RNA on passage through N. benthamiana was not due to contamination of the inoculum with S-RNA. Firstly, several passages of satellite-free TBSV in N. elevelandii in parallel to those in N. benthamiana remained satellite-free. Secondly, the satellite-free isolate was inoculated four times to N. benthamiana and each time it acquired S-RNA.
In the presence of S-RNA, systemic symptoms on N. clevelandii were less severe as they appeared 6 to 7 days after inoculation and did not become necrotic until 10 to 12 days.
Hybridization analysis
e D N A to total TBSV-type R N A was hybridized to blots containing homologous virion R N A separated in agarose gels. The probe hybridized to G -R N A and S-RNA (Fig. 4, lane 10,  arrowed) , to a continuum of bands of intermediate mobility and to the two additional bands with greater mobility than S-RNA (Fig. 4, lane 10) . c D N A to G -R N A strongly hybridized to genomic R N A and to several other bands, including those that migrated faster than S-RNA but it did not hybridize with S-RNA. As expected from the results in the accompanying paper c D N A to TBSV R N A hybridized to the G -R N A s of EMCV (visible in the original autoradiograph), AMCV, PLCV, PAMV, CyRSV and CIRV (Fig. 4, lanes 5 to 9) . c D N A to S-RNA of TBSV-type hybridized only with the band corresponding to homologous R N A and to S-RNA o f A M C V , PAMV, CyRSV and CIRV, but not with their G -R N A s (Fig. 5 , lanes 2 to 5); it did not hybridize to X -R N A or G -R N A of EMCV (Fig. 5, lane 1) . Surprisingly, the probe also detected bands that migrated faster than S-RNA (Fig. 5 ). Since these bands were detected by two different specific probes synthesized on R N A s apparently lacking in sequence homology, they probably represent mixtures of degraded G-and S-RNA molecules. D. GALLITELLI AND R. HULL These results suggest an apparent lack of sequence homology between G -R N A and S -R N A of TBSV-type and viruses related to it and indicate that the preparations of G -R N A and S -R N A we used in infectivity experiments and to prepare c D N A s were substantially free of contaminants. It is also important to note that X -R N A of E M C V does not have sequence homology with either S-RNA or G -R N A of TBSV-type. The probes ( c D N A to total R N A of TBSV or to its S-RNA) did not detect any band in preparations from virions of GMeV, SCV or TCV (Fig. 4, lanes 1 to 3) or of GMV. This result indicates that none of these viruses has R N A s with sequence homology with R N A s of TBSV-type and that the S -R N A of TBSV and that of TCV have different sequences.
In nucleic acid preparations from infected plants, c D N A to S -R N A strongly hybridized with homologous R N A and, in some preparations with one R N A species that migrated slower than S-RNA (Fig. 6, lane 5) . The probe did not hybridize to R N A preparations extracted from healthy plants nor to R N A extracted from plants infected by TCV, SCV, GMeV, G M V or E M C V (Fig. 6, lanes l to 4, 6, 7) .
To determine if S-RNA could be found on polyribosomes, R N A was extracted from a polyribosome preparation from plants infected with TBSV-type, electrophoresed on agarose gels and was blotted and probed with cDNA to TBSV-type (Fig. 3a, b , lane 4). Because of the possibility of virus particles co-sedimenting with the polyribosomes only those fractions which did not contain virus antigen (as detected by Western blotting) were used. Both S-RNA and G-RNA were detected as were TBSV G-RNA-specific bands about 3400, 2100, 1800 and 1200 nucleotides in size which may be artefacts such as described by Palukaitis et al. (1983) .
Our data indicate that S-RNA of TBSV-type has sequence homology with S-RNAs associated with other tombusviruses. From dot-blot hybridizations we estimate sequence homologies between S-RNA of TBSV-type and S-RNA of AMCV, PAMV, CIRV and CyRSV of 83, 78, 83 and 66~, respectively. Because of excessive degradation of genomic RNA we were unable to include the S-RNA associated with PLCV in this analysis. Table 2 summarizes the results of experiments to determine the effect of various S-RNA species on the genome RNAs of definitive and possible tombusviruses. The results show the following. (i) S-RNA from each of the other definitive tombusviruses can modify the number of local lesions induced by TBSV-type in C. amaranticolor. (ii) Unlike other tombusviruses, EMCV does not contain the S-RNA; however, the number of local lesions induced by its genomic RNA was reduced by the presence of TBSV S-RNA in the inoculum. (iii) TBSV S-RNA does not modify the infectivity of genomic RNAs of TCV, GMV and SCV.
Interaction of S-RNA with G-RNA of other viruses
Because of these results, further tests were made to determine whether EMCV, which did not normally contain S-RNA, or those viruses apparently unaffected in their infectivity by presence of S-RNA in the inoculum (SCV, TCV and GMV) could support the replication of S-RNA in a permissive host. Mixtures containing 100 gg genomic RNA of each of these viruses and 100 l-tg TBSV S-RNA were inoculated to N. benthamiana. The mixture ofSCV RNA and TBSV S-RNA was inoculated to C. quinoa since SCV does not infect N. benthamiana. Nucleic acid preparations extracted from infected plants were separated in a 2~ agarose gel, blotted onto nitrocellulose and were hybridized with cDNA to TBSV-type unfractionated RNA. Fig. 7 shows that the replication of TBSV S-RNA was supported only by EMCV. DISCUSSION We have shown that TBSV-type and most other definitive tombusviruses encapsidate two major species of RNA with two types of nucleotide sequences: G-RNA, an infective RNA that represents the virus genome and a satellite RNA (S-RNA). S-RNA is not infective, apparently needs the presence of a helper RNA for replication and it is not necessary for viral replication. It lacks sequence homology with G-RNA and is therefore a true satellite RNA species (Murant & Mayo, 1982 ).
S-R N A was found packaged in particles of all tombusviruses tested, except EMCV. However, EMCV can act as helper virus to support the replication of TBSV S-RNA. TCV, SCV and GMV do not have any detectable sequence homology with definitive tombusviruses and do not support the replication of TBSV S-RNA. Unlike other systems in which the replication of a satellite RNA seems strain-specific (for review, see Murant & Mayo, 1982; Fritsch et al., 1984) , the replication of the satellite RNA studied here can be supported by heterologous viruses even when they do not normally contain it or when they are very distantly serologicaUy related to TBSV as in the case of CyRSV (R. Koenig, unpublished results). Furthermore there is a high degree of sequence homology in the S-RNAs from different viruses. Since our data suggest that the appearance of S-RNA is related to a particularly permissive host (N. benthamiana, for example) it might be postulated that all these satellites have a common origin. The necessity for a particular host might also explain why other authors did not record their presence.
The acquisition of S-RNA when satellite-free TBSV is passaged through N. benthamiana raises some interesting questions as to the origin of S-RNA. Kiefer et al. (1982) and Altenbach & Howell (1983) have reported the occurrence of satellite or satellite-related RNAs after infection of plants with genomic RNAs of tobacco ringspot virus (TobRV) and TCV respectively. Kiefer et al. (1982) suggested that this might be due to multimeric forms of TobRV S-RNA comigrating with and being co-purified with the genomic RNA. Altenbach & Howell (1983) could not detect any TCV satellite-related RNA co-migrating with the genomic RNA but found sequence homology between S-RNA and DNA from healthy plants. On these grounds they suggested that the TCV satellite-related RNA might have originated from the host genome. The host specificity of the acquisition of TBSV S-RNA on inoculation of G-RNA indicates that this satellite might also originate from host DNA. This possibility is being investigated.
Data from infectivity experiments indicate that the presence of the S-RNA induces an attenuation of symptoms. Other plant virus satellites modify symptomatology in the host (for review, see Murant & Mayo, 1982) . At present we do not know anything about the mechanism involved in the modification of symptoms nor if the presence of the satellite RNA inhibits the multiplication of genomic RNA.
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